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Whipping phenomenonAbstract Studied in this paper is dynamic modeling and simulation application of the receiver
aircraft with the time-varying mass and inertia property in an integrated simulation environment
which includes two other significant factors, i.e., a hose–drogue assembly dynamic model with
the variable-length property and the wind effect due to the tanker’s trailing vortices. By extending
equations of motion of a fixed weight aircraft derived by Lewis et al., a new set of equations of
motion for a receiver in aerial refueling is derived. The equations include the time-varying mass
and inertia property due to fuel transfer and the fuel consumption by engines, and the fuel tanks
have a rectangle shape rather than a mass point. They are derived in terms of the translational
and rotational position and velocity of the receiver with respect to an inertial reference frame. A
linear quadratic regulator (LQR) controller is designed based on a group of linearized equations
under the initial receiver mass condition. The equations of motion of the receiver with a LQR con-
troller are implemented in the integrated simulation environment for autonomous approaching and
station-keeping of the receiver in simulations.
 2016 Chinese Society of Aeronautics and Astronautics. Published by Elsevier Ltd. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Air to air refueling is an effective method of increasing the
endurance and range of aircraft. Most recently, there has been
increasing interest in autonomous aerial refueling (AAR) for
the continuing research into unmanned aerial systems. Over
the last decade, there have been a wealth of research andacademic publications on the theoretical and practical aspects
of automating the refueling process covering aircraft control,
sensor systems, and their integration.1–4 In order to further
develop and evaluate these researches, it is critical to model
the whole aerial refueling system with sufficient accuracy,
taking into account all major factors including the aircraft,
aerodynamic and atmospheric disturbances, and refueling
apparatus. For the probe-drogue refueling, three of the most
significant factors are the dynamic model of the receiver air-
craft with the time-varying mass and inertia property, a
hose–drogue assembly (HDA) dynamic model with the
variable-length property and the wind effect due to the tan-
ker’s trailing vortices.
It is generally accepted that it is sufficient to consider the
dynamics of an aircraft at a number of fixed, specified, overall
Fig. 1 Coordinate frames for modeling.
336 H. Wang et al.weights.5 If a mass change is within about 5% of the beginning
mass after a period of 60 s, the constant mass assumption is
considered acceptable.6 Therefore, the research community
has put little effort into the investigation of dynamics of sys-
tems with inertia variation. However, the mass change of the
receiver is up to 18.8% within a period of 60 s in aerial refuel-
ing. Under this condition, the effect of the mass change on the
dynamics of the aircraft could not be negligible. Earlier aerial
refueling studies7,8 either ignore the effect of mass transfer
completely or treat it as a disturbance causing parametric
uncertainty. To develop an accurate dynamic model of the air-
craft, Dogan et al.9–11 proposed a set of nonlinear, 6-DOF
equations of motion of a receiver aircraft undergoing aerial
refueling. The equations, including the time-varying inertia
associated with fuel transfer as well as the vortex-induced wind
effect from the tanker, are expressed relative to the tanker and
very rigorous from the mathematical perspective. Even so, they
have a very complex mathematical expression and seem too
complicated to be easily applied to the simulation and analysis.
This paper focuses on the development of the derivation of
a simpler aircraft model with the time-varying mass and inertia
property. By extending equations of motion of a fixed weight
aircraft,5 comparing with the ones developed by Dogan
et al., the equations can reflect the time-varying mass and iner-
tia property of an aircraft more factually due to (A) reflecting
both the fuel increase and the fuel decrease at the same time
(i.e., the fuel transfer in refueling and the fuel consumption
by engines), and (B) the fuel tanks having a rectangle shape
rather than a mass point, (C) the equations of motion are
derived relative to an inertial frame rather than the tanker
body frame, (D) the model has a simpler mathematical expres-
sion and is easily applied to the simulation and analysis. Thus,
they have a more strong universality.
To validate the proposed aircraft model in an integrated
simulation environment for probe-drogue-based autonomous
aerial refueling, a dynamic model of the HDA developed by
the authors12–16 and a dynamic model of the vortex effect in
aerial refueling developed by Dogan et al.17–19 are also used
in the simulation.BB ¼
cos h cosw cos h sinw  sin h
 cos/ sinwþ sin/ sin h cosw cos/ coswþ sin/ sin h sinw sin/ cos h
sin/ sinwþ cos/ sin h cosw  sin/ coswþ cos/ sin h sinw cos/ cos h
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75 ð3Þ2. Equations of motion of a time-varying inertia aircraft
2.1. Equations of motion relative to Earth-centered inertial
frame
2.1.1. Definitions of coordinate frames and assumptions
A receiver aircraft often performs long-range, even globe-
straddling military operations. Under this condition, the effect
of the shape and the rotation of the Earth on the dynamics of
the receiver aircraft should not be totally omitted. Therefore,
without any loss of generality, an Earth-centered inertial
(ECI) frame is chosen as an inertial reference frame. Fig. 1
shows the ECI frame (Oexeyeze), an aircraft-body coordinate
(ABC) frame (Obxbybzb), and an intermediate north-east-
down (NED) frame (Onxnynzn) on the surface of the Earth,
5and xe is the absolute angular velocity vector of Earth’ rota-
tion, rn is the position vector of the center of mass of the air-
craft in Onxnynzn.
To facilitate the derivation of the dynamics equations
including the effect of time-varying inertia, an aircraft-fuel sys-
tem is considered to comprise two parts as (A) solid, (B) fuel in
tanks11 as shown in Fig.1. The total amount of mass that occu-
pies the fuel pipes has not been included here. The solid part is
considered rigid with constant mass. The origin of Obxbybzb is
chosen to be at the center of mass of the solid part, such that
the standard definitions of aerodynamic variables and aerody-
namic stability derivatives can be directly used without any
modification or reinterpretation.5 The fuel in fuel tanks is rep-
resented by k masses. The mass of fuel in the jth fuel tank,
mjðj ¼ 1; 2; . . . ; kÞ, is time varying. The position vector from
the center of mass of the fuel to the origin of Obxbybzb, rj, is
assumed to be a constant.
2.1.2. Translation kinematics
Taking a derivative of the inertial position vector re of the cen-
ter of mass of the receiver aircraft in Oexeyeze yields
5
_re ¼ BTVeb ¼ BTVb þ xe  re ð1Þ
B ¼ BBBG ð2ÞBG ¼
cosl  sin l sin l sinl cos l
0 cos l sin l
 sinl  cos l sin l cos l cos l
2
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where xe  re denotes the absolute velocity of surrounding air
at re, B the rotation matrix from Oexeyeze to Obxbybzb, BB the
rotation matrix from Onxnynzn to Obxbybzb, V
e
b the absolute
velocity vector of the aircraft center of mass expressed in
Obxbybzb relative to Oexeyeze, Vb the relative velocity vector
of the aircraft center of mass expressed in Obxbybzb relative
to Oexeyeze. /, h, w are the orientation angles. l, l are the lon-
gitude and latitude.
From Eq. (1), the translational kinematic equation of the
aircraft relative to Oexeyeze could be expressed as
Veb ¼ Vb þ Bðxe  reÞ ð5Þ
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Newton’s law for translational motion of a time-varying iner-
tia aircraft takes the form
Fb þ Bmge ¼
d
dte
mVeb
  ð6Þ
where Fb is the vector sum of the aerodynamic and propulsion
forces expressed in Obxbybzb, m the overall weights of the air-
craft, ge the gravitational acceleration vector measured in
Oexeyeze.
According to the theorem of Coriolis5, the differentiation of
Vb could be expressed as
d
dte
Vb ¼ _Vb þ xb  Vb ð7Þ
where xb is the absolute angular velocity vector of the aircraft.
It is straightforward to know _xe ¼ 0. Substituting Eqs. (5)
and (7) into Eq. (6) yields
Fb þ Bmge ¼ _mVeb þm _Veb
¼ _m Vb þ Bðxe  reÞ½  þm½ð _Vb þ xb  VbÞ
þ Bðxe  _reÞ ð8Þ
where m could be regarded as the sum of the mass of the solid
part and the fuel in all tanks and expressed as
m ¼ ms þ
Xk
j¼1
mj ð9Þ
where ms is the mass of the solid part of the receiver.
It is straightforward to know _ms ¼ 0. Thus, _m could be
expressed as
_m ¼ _ms þ
Xk
j¼1
_mj ¼
Xk
j¼1
_mj ð10Þ
Substituting Eqs. (1), (9), and (10) into Eq. (8) and rear-
ranging the equation, the translation dynamics equation of a
receiver with varying mass relative to Oexeyeze could be
expressed as
_Vb ¼ Fb
ms þ
Pk
j¼1mj

Pk
j¼1 _mj
ms þ
Pk
j¼1mj
½Vb þ Bðxe  reÞ
 ðxb þ BxeÞ  Vb þ B½ge  xe  ðxe  reÞ ð11Þ
Known from Eq. (11), if the dynamics effects of varying
inertia, i.e., mj and _mj, are neglected, Eq. (11) will have the
same expression as a fixed weight aircraft’s translation dynam-
ics equation.
2.1.4. Rotational kinematics
The rotational kinematical differential equations take the form
of Poisson’s equation5
_B ¼ XB ð12Þ
where X is the cross-product matrix of the angular rates with
respect to the axes of the rotating frame5, that isX ¼
0 r q
r 0 p
q p 0
2
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where p, q, r are roll, pitch, and yaw angular rates respectively.2.1.5. Rotational dynamics
The aerodynamic effects depend on the shape of the receiver
aircraft body and the motion of the air relative to the body.
Thus, the aerodynamic moments acting on a fixed weight air-
craft can be directly used without any modification or reinter-
pretation here. To simplify the analysis, the thrust vector is
aligned along Obxbybzb ’s x axis through the center of mass
of the receiver, pointing toward its nose. However, the gravity
vector of the fuel in each tank does not act through the center
of mass of the receiver due to the tanks’ configuration. Thus,
the total moment T about the center of mass of the receiver
could be expressed as
T ¼ Ta þ
Xk
j¼1
rj  Bmjge ð14Þ
where Ta is the total aerodynamic moment about the center of
mass of the receiver and rj the position vector from the center
of mass of the fuel in the jth fuel tank to the origin of
Obxbybzb.
Newton’s law for rotational motion takes the form
T ¼ d
dte
ðIxbÞ ð15Þ
where I is the total inertia matrix of the receiver.
According to the theorem of Coriolis,5 Eq. (15) could be
written as
T ¼ _Ixb þ I _xb þ xb  ðIxbÞ ð16Þ
where I could be regarded as the sum of the inertia matrix of
the solid part and the fuel in all tanks, and expressed as follows
I ¼ Is þ
Xk
j¼1
Ij ð17Þ
where Is is the sum of the inertia matrix of the solid part of the
receiver and Ij the inertia matrix of the fuel in the jth fuel tank.
According to the parallel-axis theorem, Ij could be written
as
Ij ¼ ðrTj rjE rjrTj Þmj þ I0j ð18Þ
where I0j is the inertia matrix of the fuel in the jth fuel tank rel-
ative to its own parallel-axis and E the unit matrix.
It is straightforward to know that _Is ¼ 0. Thus, _I could be
expressed as
_I ¼ _Is þ
Xk
j¼1
_Ij ¼
Xk
j¼1
rTj rjE rjrTj
 
_mj þ
Xk
j¼1
_I0j ð19Þ
Substituting Eqs. (14), (17)–(19) into Eq. (16), and rear-
ranging the equation, the rotation dynamics equation of the
receiver with varying inertia could be expressed as
Fig. 2 Configuration of fuel tanks of ICE.
338 H. Wang et al._xb ¼ I1Ta þ I1
Xk
j¼1
rj  Bmjge  I1½xb  ðIxbÞ
 I1
Xk
j¼1
rTj rjE rjrTj
 
_mj þ
Xk
j¼1
_I0j
" #
xb ð20Þ
Known from Eq. (20), if the dynamics effects of varying
inertia, i.e., _mj and _I0j, are neglected, Eq. (20) will have the
same expression as a fixed weight aircraft’s rotation dynamics
equation.
2.2. Equations of motion relative to NED frame
For many short range flights, the effect of the shape and the
rotation of the Earth on the dynamics of a receiver aircraft
could be neglected. Therefore, equations of motion of a
time-varying inertia receiver relative to the NED frame are
more practical. Assuming xe ¼ 0, replacing B with BB, and
replacing ge with g, a reduced set of equations of motion of
a time-varying inertia receiver relative to the NED frame is
listed as follows:
Navigation equation is
_rn ¼ BTBVb ð21Þ
Force equation is
_Vb ¼ Fb
ms þ
Pk
j¼1mj

Pk
j¼1 _mj
ms þ
Pk
j¼1mj
Vb  xb  Vb þ BBg ð22Þ
where g is the gravitational acceleration vector measured in
Onxnynzn.
Kinematic equation is
_BB ¼ XBB ð23Þ
Moment equation is
_xb ¼ I1Ta þ I1
Xk
j¼1
rj  BBmjg I1 xb  ðIxbÞ½ 
 I1
Xk
j¼1
rTj rjE rjrTj
 
_mj þ
Xk
j¼1
_I0j
" #
xb ð24Þ
Eq. (23), which consists of 9 coupled differential equations
and is highly redundant, could be simplified by two methods.
One is three-variable attitude (Euler angles) method commonly
used for simulation, and the other is four-variable attitude
method suitable for around-the-Earth flight, all-attitude flight
and simulation of spinning bodies.
2.3. Fuel tank configuration and fuel consumption
A tailless fighter aircraft with innovative control effectors
(ICE)11 as the receiver is employed to show how the fuel tanks
are incorporated as mathematical quantities, which are
required in the equations of motion. It is assumed that the
amount and the location of the tanks, the fuel capacity of each
tank, and the fuel flow distribution are set identical to Ref. 11.
However, each fuel tank has a rectangular shape rather than a
lumped mass. Fig. 2 shows the sketch of the ICE with 4 fuel
tanks and the jth rectangular fuel tank with varying fuel.
For a rectangular fuel tank as shown in Fig. 2, I0j in Eq.
(18) could be expressed asI0j ¼ mj
12
b2y þ c2z 0 0
0 a2x þ c2z 0
0 0 a2x þ b2y
2
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75 ð25Þ
where the height of the fuel cz could be expressed as a function
about the mass of the fuel in the jth tank as
cz ¼ mj=qaxby ð26Þ
where q is the density of the fuel. ax, by are shown in Fig. 2.
For the rectangular fuel tank as shown in Fig. 2, _I could be
expressed as
_I ¼
Xk
j¼1
rTj rjE rjrTj
 
_mj þ
Xk
j¼1
_mj
12
b2y þ 3m2j
q2a2xb
2
y
0 0
0
a2x þ 3m2j
q2a2xb
2
y
0
0 0 a2x þ b2y
2
66666664
3
77777775
ð27Þ
The mass of the fuel in the fuel tanks will decrease due to
the fuel consumption by engines. Thus, it is assumed that the
consumption fuel flow by the engine _mE could be expressed
as a function about the thrust T:
_mE ¼
_mE þ
R
amdt _mE 6 gT
_mE 
R
amdt _mE > gT
(
ð28Þ
where am is the acceleration of the fuel consumption by the
engine and g the equivalent coefficient.
2.4. Position-tracking LQR controller for approaching and
station-keeping in aerial refueling
To ensure the safety and avoid the core area of the vortex-
induced wind field, a reference trajectory is generated by a
polynomial fitting curve20 through the formation position
Fig. 3 Position transition of ICE from approaching to docking.
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and the drogue position (DP) as shown in Fig. 3.
To employ the LQR control, the nonlinear equations of
motion of the receiver aircraft relative to the NED frame
derived above is trimmed and linearized at the steady level
flight condition and initial mass. Linearizing Eqs. (21)-(24)
yields:
_x ¼ A0xþ B0u ð29Þ
where x ¼ x x0, x ¼ ½V; a; b; p; q; r;w; h;/; xU; yU; zUT, V is
the airspeed, a the angle of attack, b the angle of sideslip,
xU; yU; zU are the positions; x
0 is the value of the trimmed
states. u ¼ u u0, u ¼ ½dp; de; dc;T, u0 is the value of the
trimmed inputs, dp; de; dc are the angles of the surface. A0; B0
are the state matrix and control matrix.
To ensure zero tracking error at the steady state condition,
three integrals of the position error as additional states are
augmented into the state vector as
X ¼ xT Z DxU;
Z
DyU;
Z
DzU
 T
ð30Þ
The augmented state-space equation becomes
_X ¼ AXþ Bu ð31Þ
where
A ¼ A0 0
C 0
 
; B ¼ B0
0
 
; C ¼ ½0 I
Using LQR design technique, the state feedback gain
matrix K is obtained to minimize the cost function:
J ¼ 1
2
Z 1
0
XTQXþ uTRu dt ð32Þ
where Q is symmetric positive semi-definite and R symmetric
positive definite.
Selecting Q, R and solving the Riccati equations
PAþ ATP PBR1BTPþQ ¼ 0 yields the input
u ¼ R1BTPX ð33Þ
where K ¼ R1BTP, P is the symmetric positive semi-definite
matrix.3. Simulation results
3.1. Model of hose–drogue assembly with a nonlinear controller
The HDA is modeled by a sequence of variable-length links
connected with frictionless joints as illustrated in Fig. 412–16,
where all variables can be found in Refs.12–16 A set of iterative
equations of the hose’s three-dimensional motion is derived
subject to hose reeling in/out, tanker motion, hose restoring
force due to bending, gravity, and aerodynamic loads account-
ing for the effects of steady wind, atmospheric turbulence, tan-
ker vortex. Two nonlinear control strategies are designed to
suppress the hose whipping phenomenon. For details of the
model and its controller, see the research previously conducted
by the authors.12–16
3.2. Modeling wind effects
The aerodynamic forces and moments on a receiver aircraft
are created by its motion relative to the surrounding air.5
The air itself is in motion relative to the inertial frame to form
the wind. The wind effects acting on the receiver aircraft
should consist of two parts, the uniform local winds and the
nonuniform wind induced by the wake vortex of the tanker.
The effects of the uniform local winds, including the gust,
the turbulence, the horizontal wind, and the wind shear, could
be directly applied to the center of mass of the receiver aircraft.
To highlight the mass change effects on the receiver’s states,
very light Dryden wind turbulence (wind speed range:
0–0.03 m/s) is carried out in simulation, because attitudes
(/; h;w), angle of attack and side-slip angle (a; b) of the recei-
ver in the close range aerial refueling scenario are little and
serious Dryden wind turbulence will cover up them.
However, the vortex-induced wind field acting on the recei-
ver aircraft is nonuniform in nature, which could not be
directly applied to the center of mass of the receiver aircraft.
For simplicity, with a 39.88 m wing span and a 2.85 m distance
between the pod and the top of the right wing, the vortex
model and averaging technique derived by Dogan et al.17–19
are employed to approximate the effects of the vortex-
induced wind field on the center of mass of the receiver air-
craft. A vertical slice of the wake 10 m behind the tanker is
illustrated in Fig.5. The equivalent component of the wind vec-
tor Vwz acting on the receiver’s center of mass along the tan-
ker’s z axis in the vortex-induced wind field is shown in Fig. 6
Thus, the velocity Vr and angular velocity vector xr of the
center of mass of the receiver aircraft with respect to the sur-
rounding air are given by
Vr ¼ Vb þ Vw þ Vv ð34Þ
xr ¼ xb þ xw þ xv ð35Þ
where Vw and xw are the velocity vector and angular velocity
vector of the uniform local winds. Vv and xv are the equivalent
velocity vector and equivalent angular velocity vector induced
by the tanker vortex.
Then, to be able to use the equations of motion of the recei-
ver aircraft without modification, Vr and xr, rather than Vb
and xb, could be used in the calculation of aerodynamic forces
and moments.
Fig. 6 Equivalent component of wind vector along tanker’s z
axis in the vortex-induced wind field.
Fig. 5 Vertical slice of tanker wake 10 m behind tanker.
Fig. 4 Configuration and modeling assumptions of a hose–drogue aerial refueling system.12–16
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To validate the integrated simulation environment for probe-
drogue-based autonomous aerial refueling, the nonlinear equa-
tions of motion of the ICE relative to Onxnynzn are imple-
mented in simulation along with KC-135R. Both the receiver
and the tanker models are equipped with their own controller
based on LQR. The nominal altitude of the tanker is 7010 m
with a speed of 200 m/s in a steady level flight. Other parame-
ters used in simulation are set as follows.
(1) The center of mass positions of the forward tanks and
the aft tanks are (4, ±4, 0.2) and (4, ±4, 0.2) respec-
tively relative to the receiver aircraft body frame.
a1x ¼ a2x ¼ b1y ¼ b2y ¼ b3y ¼ b4y ¼ 2 m, and a3x ¼
a4x ¼ 4 m. The initial quantity of the fuel in each tank
is set to be 10% of the total capacity, i.e., 214.8 kg in
Tank 1 and Tank 2, 389.8 kg in Tank 3 and Tank 4.
For simplicity, it is assumed that the engine pumps the
identical fuel flow distribution from each tank.
am ¼ 0:12 kg/s2. Other parameters about ICE can be
found in Ref.11
(2) LOR controller gains: Q ¼ 102  diagf1; 1; 1; 1;
1; 1; 1; 1; 1; 2; 0:01; 2; 2; 0:01; 2g, R¼103diagf0:00001;
1;1;1g.(3) Relative to the tanker’s body frame, FP, TP, and PP are
set equal to (31, 34, 2), (52.8, 34, 12), and (52.8,
18.2, 12). DP is a variable depending on the position
of the drogue, which is decided by the HDA model in
previous research conducted by the authors.12-163.3.1. Approaching and docking phase
The ICE is initially at (31, 34, 2) m in Obxbybzb of the tanker
and should approach and dock with a drogue for refueling
Modeling and simulation of a time-varying inertia aircraft in aerial refueling 341along the reference trajectory programmed above. Figs. 7–13
depict the results of the simulations when executed for an
approaching and docking flight before refueling.
Fig. 7 shows the actual trajectory and the reference trajec-
tory of the ICE relative to Obxbybzb of the tanker during
approaching and docking. Fig. 8 illustrates the triaxial details
and the tracking errors of the trajectory. As seen from Figs.7
and 8, under the influences of the fuel consumption and the
aerodynamic disturbance, the LQR controller still enables
the ICE to track the reference trajectory exactly.
Figs. 9 and 10 show the time histories of the mass of the fuel
and the inertia of the ICE due to fuel consumption by the
engine during approaching and docking.
As seen from Fig. 9 and Fig. 10, the mass of the fuel and the
inertia of the ICE decrease due to fuel consumption by the
engine throughout the approaching and docking flight. As aFig. 9 Time histories of fuel mass considering fuel consumption
by engine.
Fig. 8 Triaxial details and tracking errors of trajectory.
Fig. 7 Actual trajectory and reference trajectory of ICE relative
to tanker.result of the fuel tank symmetry, Ixy, Iyx, Iyz, and Izy always
maintain to be 0. From Eq. (28), the rate of the fuel consump-
tion by the engine depends on the thrust. Therefore, the rate of
the fuel consumption increases gradually in pace with the tran-
sition from the deceleration to the acceleration of the receiver
as shown in Fig. 11.
The true airspeed, the aerodynamic angles, and the orienta-
tion of the ICE are presented in Figs. 11 and 12. Fig. 13 illus-
trates the values of the elevon de, pitch flap dp, and clamshell dc
deflections and the thrust.
As shown in Figs. 5–7, outside the wing of the tanker, the
local airflow of the vortex flows upward. If the controller does
not respond, the angle of attack a will increase, the x compo-
nent of the true airspeed V will decrease, and then the receiver
will not be able to track the reference trajectory exactly. There-
fore, from the FP to the TP, about 0–150 s, the controller neg-
atively increases dp to decrease the pitch angle h of the ICE to
resist continuous growth of a. The x component of the gravityFig. 11 Time histories of true airspeed and aerodynamic angles.
Fig. 10 Time histories of inertia of ICE considering fuel
consumption by engine.
Fig. 12 Time histories of orientation.
Fig. 14 ICE’s position variations with respect to docking
position.
Fig. 15 Triaxial details of ICE’s position variations with respect
to docking position.
Fig. 16 Time histories of fuel mass during fuel transfer.
Fig. 13 Time histories of actuators and thrust.
342 H. Wang et al.of the ICE due to the decreased pitch angle, except for the
effect of the deceleration of the ICE, will decrease the thrust.
As a result, the fuel consumption will be decreased with respect
to a level flight. However, the condition inside the wing of the
tanker, about 150–300 s, is exactly opposite of a bond. Due to
the fuel tank symmetry, lateral states and control variables in
the steady state tend to 0 in the presence of the disturbance
caused by the vortex and the Dryden wind turbulence.
3.3.2. Station-keeping and refueling phase
After docking, the ICE should maintain a steady position rel-
ative to Obxbybzb of the tanker to receive 0.04416 m
3/s of JP-4
fuel. Figs. 14–19 depict the results of the simulations during
the station-keeping and refueling phase for three different
cases as the same as three cases used in Ref.11 Case 1: both for-
ward tanks refuel first, but at half of the maximum flow rate,
until each is half full. Next, both aft tanks refuel, again at half
of the maximum flow rate, until each is half full. Case 2: nei-
ther of the right-hand fuel tanks receives fuel, but the left-
hand forward tank is fully fueled first, followed by the left-
hand aft. Case 3: the right-hand forward and left-hand aft
tanks do not fill, but the other tanks fully fuel, with the for-
ward tank refueling first. To allow for better comparisons,
the fuel tanks in Case 1 only fill to half capacity so that the
transition from refueling the forward tanks to the aft tanks
occurs at the same time in all three cases. In addition, the
postrefuel total aircraft weight is identical for three cases. In
each case, refueling starts at t= 300 s.
Figs. 14 and 15 illustrate the ICE’s position with respect to
the docking position. The controller, as expected, has the same
station-keeping performance for three cases except spikes in xand z position deviations when fuel flow starts. The variations
of longitudinal states of the ICE, i.e., the x and z deviations
from the docking position, V, a, h, dp, and T as seen later, have
the same tendencies.
Figs. 9 and 10 show the time histories of the mass of the fuel
and the inertia of the ICE due to the fuel transfer as well as the
fuel consumption by engines during station-keeping and refu-
eling. Each fuel tank is filled with the fuel as stated above for
three cases. To the end of refueling at about 467 s, the total
fuel filled in the ICE (eliminating the fuel consumed by engi-
nes) is 5670.5 kg accounting for 46.06% of the initial weight
of the ICE.
As shown in Figs. 16 and 17, Ix, Iy, Iz, Ixz, and Izx have iden-
tical tendencies for all three cases due to the xOz plane of sym-
metry of the ICE. Under this condition, for every product yjzj
Fig. 17 Time histories of inertia of the ICE during fuel transfer.
Fig. 18 Time histories of orientation of the ICE during fuel
transfer.
Fig. 19 Time histories of actuators and thrust of ICE during fuel
transfer.
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different case. Therefore, Ixy, Iyx, Iyz, and Izy are different for
three cases.Fig. 18 illustrates the deviations of the airspeed and the ori-
entation respectively. The controller, as expected, has the same
speed-keeping performance for three cases except spikes when
fuel flow starts. As stated above, the variations of longitudinal
states of the ICE for three cases have the same tendencies.
Before aft tanks are filled with the fuel for three cases, a and
h are increased by the controller to increase the upward
moment to compensate for the effects of the forward tank.
At this time, the deviations of the lateral states are still small.
Therefore, a and h have identical trajectories for all three cases.
After the aft tanks are filled with the fuel for three cases, the
gravity of the aft tanks grows gradually and lowers the values
of the longitudinal states than before. For Cases 2 and 3, the
effects caused by the fuel transfer could be regarded as identi-
cal for the longitudinal states of the ICE based on the xOz
plane of symmetry. However, the asymmetric refueling in
Cases 2 and 3 produces an asymmetric moment in the lateral
direction due to the fuel tank gravity. To keep lateral balance
and track the commanded speed, the controller makes the ICE
roll or yaw a small angle in the corresponding direction to
compensate for the opposite-side tank refueling. As a result,
the component of the lift in the gravitational direction
decreases and must be compensated by larger longitudinal
states than Case 1. When compared to the same side forward
to aft tank transition of Case 2, the opposite-direction tenden-
cies of the sideslip, roll, and yaw angles immediately follow the
Case 3 transition from the forward to the diagonal aft fuel
tank to compensate for the opposite-side tank refueling and
maintain a commanded steady level flight. After completion
of the refueling, the longitudinal trim states are a little larger
than their initial values to produce enough lift. The roll and
yaw angles are the smallest for Case 1, which results in zero
deviations as expected based on the symmetry, while the roll
and yaw trim angles are different for Cases 2 and 3. This
demonstrates the effect of the asymmetric mass distribution
on the steady-state trim condition.
Fig. 19 illustrates the values of de, dp, dc deflections and the
thrust for three cases. A comparison can be made between
Figs. 18 and 19 to show how the effectors react to the refueling
in three cases and how their steady-state positions correspond
to the receiver’s steady-state Euler angles. The longitudinal
control variables, i.e., dp and the thrust, match the longitudinal
344 H. Wang et al.states shown in Fig. 18. When the refueling of Case 3 transi-
tions from the forward to the diagonal aft tank, both de and
dc react immediately to compensate for the opposite-side tank
refueling. The magnitude of the effecter deflections changes
steadily throughout the refueling to account for the steadily
growing fuel tank masses. This is caused by the contribution
of the gravitational moment caused by the fuel masses to the
total moment of the external forces about the origin of
Obxbybzb of the ICE. The thrusts in Fig. 19 for three cases,
which prove to be very similar, tend to grow as the refueling
occurs to keep the receiver at the commanded velocity while
experiencing mass increase. The steady-state thrust value is
somewhat higher than initially due to the higher postrefuel air-
craft weight.
For ease of comparison, two of the simulation results in
Ref.11 are cited as Figs. 20 and 21. It is known to all that if
the fuel mass in one tank is refueled gradually, the states of
the receiver should also change gradually with it. The tendency
of the state variation should not change unless the refueling
course changes. But known from Figs. 20 and 21, there exists
an obvious state mutation (especially the yaw and the clam-
shell), when each thank is filled, which goes against the conti-
nuity of the physical system as stated above. Taking the
clamshell in the Case 3 as an example, the deflection should
monotonically increase to the maximum in a direction. Then
the deflection should go through the same process but in theFig. 20 Time history of receiver relative orientation deviation in
straight level flight.
Fig. 21 Time history of receiver control surface deflections in
straight level flight.other direction, when the transition from refueling the forward
tanks to the aft tanks occurs, because the fuel is always filled at
a constant flow rate. Besides, the deflection should always
maintain a maximum in the relevant direction after the refuel-
ing stops. Therefore, although the model in Ref.11 have a cor-
rect mathematical derivation, some mistakes occur in the
simulation application. Fortunately, this phenomenon does
not appear at all in the model proposed here.
4. Conclusions
(1) Taking into account three major factors, i.e., the
dynamic models of the receiver with the time-varying
inertia property, an HDA dynamic model with the
variable-length property, and the wind effect due to
the tanker’s trailing vortices, an integrated simulation
environment for probe-drogue-based autonomous aerial
refueling is developed. The environment could be used
to further develop and evaluate aircraft control, sensor
systems, dynamics and modeling in the autonomous aer-
ial refueling research.
(2) Considering a rectangular shape of the tanks rather than
a lumped mass, a set of new simpler equations of motion
of an aircraft with the time-varying inertia property due
to fuel transfer as well as the fuel consumption by engi-
nes is derived relative to the ECI frame or the NED
frame.
(3) The ICE as the receiver and a LQR-based autonomous
flight controller is employed to validate the integrated
simulation environment for probe-drogue-based auton-
omous aerial refueling.
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